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Distributions of static pressure coefficient over the
afterbody and axisymmetric nozzles of a generic, twin-
tail twin-engine fighter aircraft were obtained in the
Langley 16-Foot Transonic Tunnel. Three vertical-tail
longitudinal positions and two horizontal-tail longitudi-
nal positions were tested for a total of six aft-end config-
urations. Static pressure coefficients were obtained at
Mach numbers of 0.6, 0.8, 0.9, and 1.2, angles of attack
of 0 °, 4 °, and 8°, and nozzle pressure ratios ranging from
jet-off to8. Pressure measurements were made at
approximately 150 locations on the afterbody, interfair-
ing, and nozzles. Additionally, limited computational
modeling of the flow field about this model was per-
formed using a three-dimensional Reynolds-averaged
Navier-Stokes code.
The results of this investigation indicate that the
influence of the vertical and horizontal tails is not limited
to the vicinity of the taii-afterbody juncture. The pressure
distribution affecting the aft-end drag is influenced more
by the position of the vertical tails than by the position of
the horizontal tails. Forward positioning of the vertical
tails reduces the aft-end drag by moving the pressure def-
icit between the tails to a surface with a more shallow
boattaii angle and less closure area.
At supersonic free-stream conditions, aft vertical- or
horizontal-tail positions produce low static pressures on
the nozzle surfaces, and this results in higher aft-end drag
attributable to rapid aft-end area distribution closure.
Transonic effects strong enough to produce a local
shock wave between the vertical tails are evident at a
Mach number of 0.9. Increasing the angle of attack can
have the effect of producing transonic tail-interference
effects at lower free-stream Mach numbers than at an
angle of attack of 0 °.
Predictions of surface pressure coefficient from
computational modeling of this geometry showed excel-
lent agreement with experimental results with the excep-
tion of the recovery pressure level downstream of the
upper surface transonic shock at a Mach number of 0.9
and vertical-tail-position effects on pressure coefficients
on the windward side of the aircraft.
Introduction
Investigations of generic fighter configurations have
shown that the relative locations and placement of the
empennage surface on the afterbody have a significant
effect on aft-end drag (refs. 1-6). These investigations
have covered single-engine configurations (refs. 1-4)
and twin-engine configurations with both single and
twin vertical tails (refs. 5 and6). Studies of tail-
interference effects are of significant value because aft-
end drag (i.e., 35 percent aft of the aircraft) has been
shown to contribute up to 50 percent of the total aircraft
drag at transonic conditions (ref. 7).
A series of wind-tunnel tests were previously con-
ducted on an isolated fuselage-nozzle combination with
propulsion simulation to investigate empennage effects
on aft-end drag of a single-engine configuration (refs. 1-
3). In these tests, total aft-end drag in the transonic speed
range as measured by the force balance was reduced by
staggering the vertical and horizontal tails longitudinally.
The extent of the tail-interference effects could not be
determined, however, without detailed pressure measure-
ments in the vicinity of the tails. Therefore, additional
tests were conducted to acquire approximately 300 pres-
sure measurements distributed around the afterbody and
nozzles (ref. 4). These pressure distributions showed that
tail-interference effects extended around the entire after-
body and were not confined tO the regions close to the
tail surfaces. An additional benefit of having the map-
ping of the pressure distribution was the utilicy of the
data for validation of computational fluid dynamics
(CFD) codes. The permutations in aft-end geometry can
be extensive, and using reliable CFD tools to determine
the drag characteristics of these afterbodies can be an
efficient means of evaluating the configurations. For
CFD code validation, the calculations must be compared
with experimentally determined data to determine the
reliability of the code for such applications. Reference 4
includes such comparisons for two types of theoretical
prediction codes. Additionally, the model from
reference 4 was used as a baseline configuration in a
CFD study in reference 8 to reduce total aft-end drag by
afterbody reshaping. Results from this study were used to
fabricate new wind-tunnel models for validation.
Wind-tunnel studies of a generic twin-engine fighter
configuration were also conducted with emphasis on aft-
end drag characteristics. As in the single-engine studies,
the force balance was the primary source of data (refs. 5
and 6). The variables included single and twin vertical
tails, the relative positioning of vertical and horizontal
tails, vertical-tail toe angle (the pointing angle in the hor-
izontal plane), vertical-tail cant angle (the tilt angle from
the vertical plane), and vertical-tail camber. Force bal-
ance data indicated that significant reductions in aft-end
drag were attainable through tailoring of the aft-end
geometry. Again, for purposes of determining the extent
of tail interference around the afterbody and providing a
database for CFD code validation, the model used in
these investigations was reinstrumented with pressure
orifices and a limited number of configurations were
retested. The pressure distributions measured in this test







rangefor anangleof attackof 0° wasjet-offto8.The
modelwasalsotestedatanglesof attackof 4° and8°,































total aft-end drag coefficient, referenced to
wing area of support system
aft-end lift coefficient, referenced to wing area
of support system
pressure coefficient, (Ps - P_) / qoo
critical pressure coefficient for which local
flow is sonic
estimated uncertainty in pressure coefficient
pressure coefficient with horizontal tail in mid
position subtracted from pressure coefficient
with horizontal tail in aft position
chord length, in.
maximum nozzle diameter at nozzle connect
station, 3.88 in.
length of model from nose to nozzle exit,
68.80 in.
Mach number
nozzle pressure ratio, Pt, j/poo
surface static pressure, psi
jet total pressure, psi
free-stream static pressure, psi
free-stream dynamic pressure, psi
nozzle radius, in.
rma x maximum nozzle radius at nozzle connect
station, dmax/2
t airfoil thickness, in.
x axial distance from model nose, in.
x/Lvt x/L of vertical-tail root leading edge
ct forebody angle of attack, deg
0 meridian angle on nacelles or nozzles
measured outboard from centerline on top
surface, deg
Ale sweep angle at leading edge, deg
Abbreviations:
BL buttock line










The test was conducted in the Langley 16-Foot Tran-
sonic Tunnel, which is a closed-circuit, atmospheric
wind tunnel with an octagonal, slotted test section. (See
sketch in fig. 1.) The Mach number range of the tunnel
is0.1 to 1.3 and is continuously variable. Supersonic
Mach numbers are achieved by removing air from a
plenum chamber surrounding the slotted test section,
thus allowing more tunnel air to expand into the cham-
ber. Reynolds number per foot, which is a function of
Mach number and atmospheric conditions, ranges from
approximately 3 x 106 at M = 0.6 to 4 x 106 at M = 1.2.
A complete description of the tunnel and its subsystems
is provided in reference 9.
Support System
The support system used for this model is the bifur-
cated wingtip support system. A photograph is shown in
figure 2 of both the forward part of the support system
and the model installed in the tunnel. The support system
consists of a pair of support booms extending forward
from the main tunnel strut and attaching to the wingtips
of the model. The support booms are capable of inter-
nally housing instrumentation cables and tubing and
passinghigh-pressureair to the model for propulsion
simulation.
This support system, which was designed to provide
minimal support interference to the model while allow-
ing a more realistic aerodynamic flow field to develop
over the afterbody (the area of interest), was superior to a
blade-mounted support system. Although no support-
interference tests have been conducted using this system,
support-interference results on a similar wingtip support
system (ref. 10) indicated that relatively low levels of
interference exist compared with that of other propulsion
support systems. The wingtip support system also pro-
vided the ability to test models at high angles of attack by
allowing the wing incidence angle to be varied with
respect to the support booms, although this capability
was not utilized in the present study. The model was
placed at angles of attack by rotation of the main support
strut to which the wingtip support system was attached.
Model
The model represented a generic fighter design with
faired-over inlets and a twin-engine exhaust system with
axisymmetric nozzles. A sketch of the model with the
major components labeled is shown in figure 3(a). The
wing was mounted high on the fuselage with a leading-
edge sweep of 45 °, a taper ratio of 0.4, an aspect ratio
of 2.32, and a cranked trailing edge. The airfoil was sym-
metrical, and the thickness ratios from the wing-fuselage
junction at BL 5.00 to BL 11.00 (t/c = 0.066 to 0.077,
respectively) were typical of fighter aircraft. From
BL 11.00 to the support booms, wing thickness ratio
increased from 0.077 to 0.100. (The thickness was held
constant while the chord was reduced.) This constant
thickness provided structural support for the model and
permitted the transfer of instrumentation cables and high-
pressure air from the booms to the model propulsion sys-
tem. The force balance used in earlier tests of this model
was replaced by a dummy balance (a solid 2-in-diameter
steel rod).
The center fuselage was essentially rectangular in
cross section, with a constant width and height of 10 in.
and 5 in., respectively. The comers were rounded to a
radius of 1.00 in. The maximum cross-sectional area of
the fuselage was 49.14 in 2, and the forebody was verti-
cally and horizontally symmetric (i.e., no canopy) and
had faired-over inlets, as is typical for exhaust-flow sim-
ulation models. The afterbody represented a smooth
blend from the rectangular fuselage cross section
(FS 47.26) to the axisymmetric nozzle connect station
(FS 65.21). The afterbody lines were chosen to be typical
of current fighter designs with closely spaced engine
nacelles centered at BL +2.17.
Propulsion was simulated by routing high-pressure
room-temperature air (540°R entering the nozzles)
through the support system to the model and allowing it
to exhaust through the nozzles. A sketch showing the
internal details of the model propulsion system is shown
in figure 3(b). A choke plate, flow straightener, four total
pressure probes, and a total temperature probe were
located in ducting immediately upstream of each nozzle.
The system was designed with symmetrical flow paths to
provide equal flow rates to the two nozzles. The nozzles
used in this test represented a dry power setting with an
expansion ratio (nozzle exit area divided by throat area)
of 1.16 and a throat area of 2.69 in 2 for each nozzle. A
sketch of the nozzle geometry is shown in figure 3(c).
The model was tested with twin, uncambered verti-
cal tails with chord planes positioned at BL +4.00 on the
afterbody. (See geometric details of vertical tails in
fig. 3(d).) The leading-edge sweep was 36.52 °, the taper
ratio was 0.375, and the aspect ratio was 1.514. The tails
were tested in three longitudinal positions, referred to as
fwd (forward), mid (middle), and aft (rearward), corre-
sponding to root leading-edge positions of FS 50.00,
FS 53.81, and FS 57.31, respectively. Fillers were con-
toured for each tail location to fair the tails into the after-
body. The tails in the aft position, however, were not
faired to the nozzle, and this resulted in a gap between
the nozzles and the tails.
The horizontal tails were tested at 0 ° incidence with
the chord plane positioned at WL0.0. The geometric
details of the horizontal tails are shown in figure 3(e).
The leading-edge sweep was 50 °, the taper ratio was
0.175, and the aspect ratio was 2.564. The horizontal tails
were tested in two longitudinal positions corresponding
to the middle and aft positions of the vertical tails (root
leading edges at FS 53.81 and FS 57.31, respectively).
Fillers were also used to contour the horizontal tails to
the afterbody at each tail location. The longitudinal posi-
tions of the vertical and horizontal tails tested are shown
in figure 3(t). The three vertical-tail positions and the
two horizontal-tail positions result in a total of six con-
figurations tested, and these were the same locations as
those tested in reference 5.
Instrumentation
Static pressures were measured on the external sur-
faces of the afterbody, nozzles, and engine interfairing,
and the locations of the measurement stations are listed
in table 1. Approximately 150 pressure orifices were dis-
tributed around the model. Because of the density of the
pressure measurements desired, symmetry was assumed
in the flow field about the right and left halves of the
model, and pressure orifices were distributed on both
halves of the model to accommodate the internal
3
plumbing.The orifices were routedto electronic
pressure-scanningmodulesmountedin the fuselage with
a range from 0 to 30 psia.
Angle of attack was measured by an accelerometer
located in the forebody, and a correction of 0.1 ° was
made for the tunnel upflow angle based on upflow mea-
surements of similar models in the tunnel. Deflections of
the dummy balance under load would result in a differ-
ence in afterbody angle of attack as compared with the
value measured in the forebody. A deflection was esti-
mated from the lift and pitching-moment characteristics
of this model published in reference 5 at the worst case
condition of ct = 8 ° at M = 1.2 with the horizontal tails
in the aft position. Under these conditions, the afterbody
was estimated to deflect 0.15 °, thereby reducing the
afterbody angle of attack. No corrections for afterbody
deflections, however, were applied to the angles of attack
tabulated in this report.
Test Conditions, Transition Control, and Data
Uncertainty
Data were taken at Mach numbers of 0.6, 0.8, 0.9,
and 1.2. At each Mach number, the NPR was varied
between jet-off and 8 at an angle of attack of 0 °. Data at
angles of attack of 4 ° and 8 ° were also taken at each
Mach number with both the jet off and NPR = 3.4 (near
the nozzle design pressure ratio of 3.54, the condition of
fully expanded flow).
To ensure proper boundary-layer transition, 0.l-in-
wide strips of No. 120 silicon carbide grit, sparsely dis-
tributed in a lacquer film, were applied to the model fore-
body section, the upper and lower surfaces of the wings
and horizontal tails, and the left and right sides of the
vertical tails, as recommended in reference 11. The fore-
body strip was placed in a ring 1 in. aft of the nose tip,
the wing strips were placed 1 in. aft of the leading edge
measured in the streamwise direction, and the strips for
the horizontal and vertical tails were placed 1/2 in. aft of
the leading edge.
An analysis was performed to determine the uncer-
tainty of the pressure coefficient data. The dominant
adverse effect on the data accuracy is the temperature
dependency of the electronic pressure-scanning modules.
As the modules heat up during a tunnel run, the calibra-
tions tend to lose their precision; therefore, to minimize
this effect, the modules are recalibrated with the tunnel
running at each new Mach number. Because an un-
certainty exists in the values used to calculate the pres-
sure coefficient, including the temperature effect on the
modules, the uncertainty of the pressure coefficient has
been estimated for each Mach number tested, and the






The uncertainty of the angle-of-attack measurement
is estimated to be _+0.05 ° and is limited primarily by the
knowledge of the tunnel upflow angle. The bias associ-
ated with deflections of the afterbody under load were
discussed in the "Instrumentation" section of this report.
Data Reduction and Presentation of Results
Each data point represents the average of 5 sec of
data taken at a rate of 10 samples/see. This average value
was used to compute the steady-state results. All the data
presented in this report represent the pressure coefficient
distribution over the afterbody and nozzles of the model,
or the change in this coefficient as the tail positions are
moved. A detailed description of the data reduction pro-
cedures is presented in reference 12.
A complete listing of the data from this investigation
is included in tables 2-7. Each of these six tables corre-
sponds to an aft-end empennage configuration. Free-
stream static and dynamic pressures are included in the
data tables for the purpose of CFD modeling of this
experiment. To illustrate certain trends in the data and
the effect of various parameters, selected data have been
plotted to aid in the discussion of results. Force data on
the same configurations were presented by Leavitt in
reference 5 and will be referred to in the discussion.
Two basic formats for plotting data were used: a
rectangular format and a polar format. The rectangular
plots show the longitudinal pressure distributions along
the model and require five pages of plots to present all
the orifice rows. The polar plots show the circumferential
pressure distribution around one of the nozzles at five
stations along the length of the nozzle. Although the
measurements were distributed between the two nozzles,
they were combined in the polar plots onto the left nozzle
for the presentation of data. Therefore, the horizontal tail
is on the left-hand side of each polar plot and the inter-
fairing is on the right-hand side.
To aid in locating the longitudinal positions of the
vertical and horizontal tails relative to the scale used for
plotting data in this report, the tails have been super-
imposed on sample grids in figure 4. The angular posi-
tions of the pressure orifice rows are illustrated in
figure 5. The rows of orifices on the model were not
placed as shown but, assuming flow symmetry about the
centerline vertical plane, were distributed between the
nacelles to best use the space in the model.
Discussion of Results
Effect of Tail Position at M = 0.8, cc = 0 °, and
NPR = 3.4
Afterbody and nozzle pressure distributions for each
of the tail-position combinations at M = 0.8, _ = 0 °, and
NPR = 3.4 (near design) are shown in figures 6 and 7.
Polar plots of the pressure distributions around the noz-
zles are shown in figure 8 for the same conditions. The
angle 0 represents the circumferential angle about the
nozzle axis measured outboard from the top position on
the nacelle.
As shown in figures 6(a) and 7(a), a characteristic
pressure deficit forms at 0 = 0 ° as the airstream is accel-
erated between the vertical tails. The location of the root
leading edge corresponding to the vertical-tail position is
included in the key. Moving the tails aft shifts the pres-
sure deficit aft. Although pressure data on the upper sur-
face of the interfairing (on the aircraft centerline) is
limited, a pressure deficit in this region becomes evident
at x/L = 0.898 as the vertical tails are moved aft
(figs. 6(e) and 7(e)). The surface boattail angles on the
nacelles and interfairing increase as x/L increases, and
this results in an increase in aft-projected area, particu-
larly for the interfairing. Shifting the pressure deficit aft
should increase the total aft-end drag. This effect is con-
firmed by the drag data published by Leavitt on the same
configuration (fig. 36(a) in ref. 5). At M=0.8 and
¢x= 0.1 °, total aft-end drag coefficient increased by
0.0010 (a 14-percent increase) as the vertical tails were
moved from the forward position to the aft position. Lift
and drag coefficients in reference 5 were referenced to
the wing area of the support system.
The effect of vertical- and horizontal-tail positions
on afterbody and nozzle pressure distributions is not lim-
ited to the tail-afterbody juncture regions but extends to
all circumferential positions around the model. For
instance, as shown in figure 6(c), shifting the vertical
tails aft affects the pressure distributions for a range of 0
from 180 ° to 240 ° , positions which are on the opposite
side of the nacelle from the vertical tail. A similar result
was reported by Henderson and Burley on a single-
engine afterbody (ref. 4) in which the influence of tail
position was found to extend completely around the
afterbody.
As mentioned earlier, the most predominant effect of
shifting the position of the vertical tails aft is to shift the
pressure deficit between the tails aft (270 °< 0 < 45°).
As shown in figures 6(c), 6(d), 7(c), and 7(d), shifting the
vertical tails from the forward position to the mid posi-
tion also reduces the pressure coefficient on the inboard
surface of the nozzle between the nacelles
(225 ° _<0 < 315 ° at x/L > 0.948). However, the effect
of shifting the vertical tails from the mid to the aft posi-
tion is generally a reduction in the pressure coefficients
on the afterbody rather than on the nozzles.
Immediately upstream of the nozzle connect station
(x/L = 0.948), the flow around the afterbody passes
through an expansion characterized by a decrease in sur-
face static pressure coefficient. The subsequent pressure
recovery on the nozzle (x/L > 0.948) provides pressure
coefficients over most of the nozzle surface that are
greater than zero, a result indicating that the nozzle exter-
nal surface (neglecting skin friction) is producing nega-
tive drag (i.e., thrust). In fact, Leavitt in reference 5
determined that nozzle drag was negative for all configu-
rations operating at subsonic speeds and typical jet pres-
sure ratios except for the configuration with both vertical
and horizontal tails in the aft position. In that case, as
seen in figure 7(a) (0 = 45 °) and figure 7(b) (0 = 90 °) in
the vicinity of the vertical tail, the expansion region
extended farther aft on the nozzles such that the net load
from the expansion and recovery on the nozzle was a
positive drag. A similar trend for the configuration with
aft vertical tails and mid horizontal tails is shown in
figures 6(a) (0 = 45 °) and 6(b) (0 = 90°). However, the
overall pressure coefficient levels on the nozzles is
greater with the result that positive pressure coefficients
prevail and cause negative nozzle drag.
Flow expansion, which results in negative pressure
coefficients on the model surface, increases the aft-end
drag if acting over an aft-facing area. For the current
model, the expansion is most severe at 0 = 225 ° and 240 °
(see fig. 6(c)), which corresponds to the region on the
inboard underside of the model near the interfairing. (See
fig. 5.) The combined boattailing of the interfairing and
nacelle in this location results in a significant accelera-
tion of the flow and, therefore, lower pressures.
Polar plots showing the circumferential pressure dis-
tribution around the nozzle are shown in figure 8. The
data are presented as distributions around the left-hand
nozzle such that the interfairing is on the right and the
horizontal tail is on the left. The plots show two distinct
features, a high-pressure region above the interfairing at
x/L = 0.951 and a pressure reduction in the upper left
quadrant of the nozzle when the vertical tail is moved to
the aft position. The pressure reduction, which is a result
of the expansion region extending farther aft on the noz-
zle, was discussed previously. The pressurization near
the interfairing is probably a pressure recovery from the
strong expansion which occurs between the vertical tails
ahead of the nozzle. Figures 6(e) and 7(e) show pressure
coefficients on the top and bottom interfairing surfaces,
and a pressure recovery on the top surface between the
aft two pressure taps is evident for the mid and aft posi-
tions of the vertical tail.
Theeffectof movingthehorizontaltailsfromthe
midpositionto the aft position at M = 0.8, ct = 0°, and
NPR = 3.4 is summarized in figure 9. The data are pre-
sented as ACp, which is the aft-position Cp minus the
mid-position Cp. Therefore, a positive ACp represents a
beneficial effect of moving the tails aft. Note that calcu-
lations of ACp were made only for pressure orifices that
were not covered by the tails in either position. As can be
seen, most effects are small. The most significant effects
are seen in the regions near the horizontal tails
(45 ° < 0 < 135°). An area of negative ACp can be seen
over the nozzle in the vicinity of the horizontal tail
(45 ° < 0 < 135 ° at x/L > 0.925), a result indicating
lower static pressures in this region. Corresponding posi-
tive values of ACp can be seen farther forward
(0.8 <x/L <0.9), a result indicating that low static
pressure, or accelerated flow, follows the horizontal tail
as it is moved. In general, however, the influence of the
horizontal-tail position on afterbody pressure distribu-
tions affecting aft-end drag is not as strong as that of the
vertical-tail position.
Effect of Tail Position at M = 1.2, cx = 0 °, and
NPR = 3.4
Afterbody and nozzle pressure distributions at
M = 1.2, ct = 0 °, and NPR = 3.4 (near design) are shown
in figures 10 and 11, and polar plots of the nozzle pres-
sure distributions are shown in figure 12 at the same
conditions.
The pressure distribution for the supersonic flow
field is different in character from the subsonic flow field
in many respects. The influence of the shocks emanating
from the leading and trailing edges of the tails can be
seen in the pressure coefficient data near the tail surfaces
at 0 = 0 °, 45 °, and 90 ° (the horizontal-tail leading-edge
shock occurred only at 0 = 90 °) as a sharp increase in
pressure coefficient. (For example, see the circular data
symbols in fig. 10(a) at 0=0 °, x/L = 0.738, and
x/L = 0.898.) Pressure distributions upstream of the
leading-edge shocks are independent of tail position, as
expected in a supersonic flow field. Pressure coefficients
on the lower side of the model ( 135 < 0 _<255 °) show
almost no effect of tail position up to the nozzle
(x/L = 0.948). The flow at the nozzle recovers pressure
through a shock, and tail-position effects can be seen
beyond this point. Flow separation downstream of the
shock on the nozzle is often evident, particularly for the
configuration with mid horizontal and vertical tails (the
square data symbols), which has a relatively flat pressure
distribution over the last three or four pressure taps. This
configuration has both the horizontal- and vertical-tail
closures occurring over a small range of x/L as com-
pared with the other two configurations. (See fig. 4.)
The flow over the afterbody expands to a lower pres-
sure at M = 1.2 than at M = 0.8, which should result in
higher total aft-end drag. Additionally, the pressure
recovery at the nozzle does not generally result in any
pressurized regions (Cp > 0) that would reduce
afterbody/nozzle drag, as was the case at subsonic free-
stream conditions. Leavitt (ref. 5) measured a signifi-
cantly higher aft-end drag at supersonic conditions than
at subsonic conditions, as further support of the pressure
data findings. Additionally, he determined that moving
the vertical tails from the forward position to the mid
position (with the horizontal tails in the mid or aft posi-
tions) at M = 1.2 had no effect on total aft-end drag.
Moving the vertical tails to the aft position, however,
resulted in a total aft-end drag increase. This result is
consistent with the pressure data in figures 10 and 11 in
which the pressure distributions for the forward and mid
vertical-tail positions typically cross each other at some
point along the nozzle (x/L > 0.948), thus resulting in a
net-equivalent contribution to drag. The pressure distri-
bution for the aft vertical-tail position, however, is gener-
ally at much lower pressures along the nozzle than for the
other tail positions. This results in a higher drag, which is
attributable to the area distribution of the model. Moving
the vertical tail aft modifies the aircraft area distribution
such that the closure at the aft end is more rapid and
causes a larger wave drag.
Polar plots of the nozzle pressure distributions (plot-
ted for the left nozzle) are shown in figure 12 for
M = 1.2, cz = 0 °, and NPR = 3.4. An asymmetric flow
field over the nozzles is evident. Disturbances tend to be
concentrated inboard immediately downstream of the
interfairing trailing edge (x/L = 0.951 and 0.963). Low
pressures in this region are seen for the vertical tail in the
aft position. Pressures in this region also decrease as the
horizontal tail is moved aft. The complex pressure distri-
butions are the result of an interaction of nozzle pressure-
recovery shocks, nozzle flow separation, vertical-tail
trailing-edge shocks, and interfairing trailing-edge
shocks. Although sufficient pressure data are not avail-
able for confirmation, separation effects may also be
present on the interfairing.
The effect of moving the horizontal tail aft at
M = 1.2 is summarized in figure 13. The change in pres-
sure coefficient (ACp) as the tail is moved aft has been
plotted for each vertical-tail position. Regions of favor-
able effects are generally located between
0.875 < x/L <_0.950. The most adverse effects are gen-
erally limited to regions aft of the nozzle-connect station
(x/L > 0.948) on the inboard surface of the nozzle
(255 ° < 0 < 315°). Strong expansions accompanied by
strong recovery shocks in this region can be seen relative
to the mid horizontal-tail location. (See fig. 13(d).) As
noted earlier when discussing moving the vertical tails
aft,movingthe horizontal tails aft increases the cross-
sectional area near the rear of the aircraft, thus increasing
the rate of closure which adversely affects the wave drag
of the aircraft at supersonic speeds.
Effect of Nozzle Pressure Ratio
The effect of varying nozzle pressure ratio is shown
in figures 14-17 for two configurations identified by
Leavitt (ref. 5) as having low and high aft-end drag. The
first configuration (horizontal tails in the mid position
and vertical tails in the forward position (mid-fwd)) was
determined to have low total aft-end drag. The second
configuration (both horizontal and vertical tails in the aft
position (aft-aft)) was determined to have high total aft-
end drag. Figures 14 and 15 show pressure distributions
at M = 0.8 for the mid-fwd and aft-aft configurations,
respectively, and figures 16 and 17 show similar data at
M = 1.2. The general effect of increasing NPR at M = 0.8
(figs. 14 and 15) is to pressurize the afterbody and nozzle
surfaces. Leavitt determined that for both tail position
configurations (see figs. 18(f) and 18(1) in ref. 5), the
effects of increasing nozzle pressure ratio on total aft-end
drag were a large decrease in drag with initial jet opera-
tion, a very slight increase in drag as NPR was increased
to fully expanded jet conditions (design NPR = 3.54),
and a moderate decrease in drag as NPR was increased
through the underexpanded jet range (NPR greater than
design).
The pressure distributions support the measured drag
data. The largest beneficial effect on afterbody/nozzle
pressure distributions is the initial operation of the jet
(NPR = 2). Increases in pressure coefficient are signifi-
cant around the nozzles and extend as far forward as
x/L = 0.854. (See fig. 14(c) at 0= 180°.) In other
words, the influence of the NPR extends over the aft
15 percent of the aircraft. Increasing the NPR from 2 to 4
has no noticeable effect on pressure distributions, and
this corresponds to the minimal change in drag reported
by Leavitt. Increasing the NPR to values greater than 4
results in further increases in static pressure coefficient
on the afterbody and nozzles, thus corresponding to the
reduction in drag measured by Leavitt. The drag reduc-
tion with initial jet operation is attributable to base bleed-
ing in the nozzle exit region. The slight drag increase as
NPR is increased to the fully expanded flow condition is
the result of increased entrainment of external flow by
the nozzle flow, and this entrainment results in higher
flow velocities (lower pressure and higher skin friction)
over the external surfaces. The decrease in drag as the jet
becomes underexpanded is attributable to plume effects
as the plume becomes large, and this results in a com-
pression near the nozzle exit and pressurization of the
external nozzle surfaces upstream of the plume.
The effect of NPR at M = 1.2 is shown in figures 16
and 17. The effects of NPR at supersonic free-stream
conditions are generally limited to the nozzle surface
only (the last 5 percent of the aircraft) and do not extend
forward to the afterbody. The lowest pressures on the
nozzles generally correspond to either the jet-off condi-
tion (circular symbols) or the nearly fully expanded con-
dition (diamond symbols). This behavior is consistent
with the drag data measured by Leavitt in which the
drags at these two conditions were essentially equal in
magnitude and had the highest values throughout the
NPR range tested. Increases in NPR above design
(NPR > 3.54) result in external surface pressurization on
the nozzle and a reduction in aft-end drag.
Effect of Mach Number
Pressure distributions for the same two tail configu-
rations (mid-fwd and aft-aft) are plotted in figures 18
and 19, respectively, for Mach numbers of 0.6, 0.8, 0.9,
and 1.2. The data trends at the subsonic (M_< 0.8) and
supersonic (M = 1.2) free-stream Mach numbers have
previously been discussed. The pressure coefficient dis-
tributions at M = 0.6 and 0.8 are essentially the same.
However, transonic effects between the vertical tails
(0 = 0 °) produce a greater reduction in pressure coeffi-
cient at M = 0.8 than at M = 0.6. This region would be
expected to show the first transonic effects on the model
because the flow is accelerated both by the fuselage and
the vertical tails. For the mid-fwd configuration shown in
figure 18, the effect of the transonic behavior on drag is
minimal because the aft-facing area in this region is
small. However, an increase in aflerbody lift and nose-
down aircraft pitching moment would be expected. The
pressure distribution confirms the trends in the force data
presented by Leavitt (in fig. 36(a) in ref. 5), which
showed an increase in lift coefficient of approximately
0.002 and a very small increase in drag coefficient as
Mach number was increased from 0.6 to 0.8. Pitching-
moment characteristics are confirmed in figure 7(I-) of
reference 5.
For the aft-aft configuration shown in figure 19, the
accelerated region is located in an area of higher boattail
angle, and it would therefore be expected to result in a
larger drag increase than the mid-fwd configuration as
Mach number is increased from 0.6 to 0.8. The force data
in reference 5 indicate an increase in drag for the aft-aft
configuration over the mid-fwd configuration (compare
figs. 36(a) and 37(a) in ref. 5): the drag coefficient is
increased approximately 0.0005 as Mach number is
increased from 0.6 to 0.8. Lift coefficient, however,
which would be expected to increase with this change in
Mach number, decreases by approximately 0.002. This
unexpected result indicates that the increase in lift from
the transonic flow acceleration between the vertical tails
isoffsetbyadecreasein lift elsewhereon the afterbody.
For a range of 0 from 90 ° to 270 °, lower static pressures
result in a loss of lift and an increase in nose-up pitching
moment. Reductions in static pressure can be seen at
0 = 135 ° (for values of x/L between 0.869 and 0.974)
and at 0 = 180 ° , 225 °, and 240 ° (for values of x/L
between 0.898 and 0.951). An additional decrease in lift
can be seen at 0 = 0° (in this case an increase in static
pressure at x/L between 0.781 and 0.854).
A more significant transonic effect is seen in
figures 18 and 19 at M = 0.9. At 0 = 0°, the flow is accel-
erated to supersonic speeds between the vertical tails
(Cp = -0.188 for M = 0.9). In both tail arrangements,
the critical pressure ratio (Cp), an indication of sonic
velocity, is reached near the station of maximum
vertical-tail thickness. (Compare figs. 18(a) and 19(a)
with fig. 4.) For the mid-fwd configuration, a shock is
formed approximately at the station of the vertical-tail
trailing edge, and this results in subsonic velocities and
also in pressure coefficients aft of this location that are
generally greater than those at lower Mach numbers. In
reference5 for the mid-fwd configuration, Leavitt
reported an increase in Co of approximately 0.0010 as
Mach number was increased from 0.8 to 0.9 and roughly
equivalent lift coefficients. For the aft-aft configuration,
C D increased by 0.0005 and C L decreased by 0.004. As
can be seen in figure 19(a), the pressure coefficients at
0 = 0° for M = 0.9 are greater than those at M = 0.8 over
most of the upper surface of the afterbody, thus confirm-
ing the lower lift reported by Leavitt.
Polar plots of the nozzle pressure distributions are
shown in figure 20 for the same configurations (mid-fwd
and aft-aft) at the same free-stream conditions. Mach
number effects at subsonic speeds are concentrated in the
region near the interfairing (x/L = 0.951, inboard or
right side of plot) and may indicate the beginning of flow
separation from the nozzle. The high-drag nature of
supersonic flow relative to subsonic flow can also be
seen, as shown by the low pressure coefficients around
the nozzles at M = 1.2. The lack of pressure recovery to
positive values of Cp also contributes to the large differ-
ence between subsonic and supersonic drag.
Effect of Angle of Attack
The effect of increasing angle of attack on the pres-
sure distributions of the mid-fwd tail configuration is
shown in figure 21 at M = 0.8 and NPR = 3.4, and simi-
lar data for the aft-aft tail configuration are shown in
figure 22. At these conditions, the dominant effects of
increasing angle of attack are to reduce the pressure on
the leeward side of the model as far aft as x/L = 0.9
and to increase the pressure on the windward side of the
model as far aft as x/L = 0.95. For the case of the mid-
fwd configuration (fig. 21 (a)), the flow between the ver-
tical tails ,(0 = 0°) is accelerated to sonic conditions at
ot = 4° (Cp = -0.435 at M = 0.8) and to supersonic con-
ditions at t_ = 8°. At this condition, a shock forms aft of
the pressure orifice at x/L = 0.825 to recompress the
flow. The significant reduction in leeward pressure coef-
ficients seen at 0 = 0° (as compared with the increase in
pressure on the windward side) as angle of attack is
increased from 0 ° to 8° results in an increase in total aft-
end drag coefficient of 0.0095 at M = 0.8, as reported by
Leavitt.
The pressure coefficients for the aft-aft configuration
are not as strongly affected by angle of attack (fig. 22(a))
as for the mid-fwd configuration. A relatively constant
reduction in static pressure at 0 = 0° is indicated as far aft
as x/L = 0.900 as angle of attack is increased. The
region between the vertical tails does not exhibit the
supersonic flow acceleration seen for the mid-fwd con-
figuration, thereby indicating a smaller effect of angle of
attack on aft-end drag for the aft-aft configuration. In
reference 5, Leavitt reported a total aft-end drag increase
of approximately 0.0062 at M = 0.8 as angle of attack
was increased from 0° to 8°, which is a smaller drag
increase than was measured for the mid-fwd configura-
tion, thus confirming the results indicated by the pressure
distributions.
In the study of the afterbody/nozzle aerodynamic
characteristics of this model (ref. 5), Leavitt found only
one apparent trend in total aft-end drag with the model at
positive angle of attack. At tx = 8 ° and M > 0.6, the aft
vertical-tail location provided a significant reduction in
aft-end drag over the forward and mid locations with hor-
izontal tails in the mid or aft positions. The pressure dis-
tributions for the mid horizontal-tail location at M = 0.9,
tx = 8°, and NPR = 3.4 are presented in figure 23. As the
vertical tails are moved aft, the static pressure coefficient
on the nozzles is reduced and the pressure deficit
between the vertical tails is moved aft with the tails, both
being factors that would typically result in a drag
increase. The pressure deficit, however, is reduced in
severity, both in the magnitude of pressure reduction and
in the longitudinal extent of the deficit. Additionally, the
amount of closure area over which the low pressure acts
is reduced. The sum effect could be not only a reduction
in drag but also a reduction in lift as well, confirmed by
the force data presented by Leavitt. The smaller pressure
deficit of the aft vertical-tail position is a result of the
influence of the final closure of the model, which
imposes a pressure recovery on the accelerating flow
between the tails. This result probably accounts for the




Computational fluid dynamics solutions for the sur-
face pressures about this model were obtained by using
the PAB3D (version 10) code developed in the former
Propulsion Aerodynamics Branch at the Langley
Research Center. PAB3D is a multiblock/multizone
state-of-the-art code that solves the three-dimensional,
Reynolds-averaged Navier-Stokes equations with either
a time-dependent or space-marching technique. The
code, described in reference 13, was developed to study
the integration of the propulsion system and the airframe,
but it is currently applicable to general aerodynamic
problems. In this application, the time-dependent tech-
nique was applied and a combination of turbulence mod-
els was used. The Baldwin-Lomax algebraic turbulence
scheme was used in the upstream blocks containing the
nose and the faired inlet. The remaining blocks used the
Jones-Launder k-_ turbulence model. In addition, laminar
viscosity was used in the first few grid planes of the
internal nozzle block. Eleven blocks in all were used to
model the aircraft in half-plane symmetry about the lon-
gitudinal axis.
Grids were generated for two empennage arrange-
ments: vertical tails in the mid position and vertical tails
in the forward position. In both cases, the horizontal tails
were in the mid position. The grids for this model con-
tained approximately 1.5 million grid points for each
empennage arrangement and were generated using
GRIDGEN (version 8 in ref. 14). The computational
model geometry showing the forward vertical-tail posi-
tion is shown in figure 24.
Surface pressure coefficients were compared for
experimental results and computational predictions, as
shown in figure 25. Test cases corresponded to the verti-
cal tails in the mid and forward positions. The test condi-
tion was M = 0.9, a = 0°, and NPR = 3.4. Overall, the
computations closely matched the experimental results,
and certain flow features were accurately predicted by
the computations. An example was the expansion of the
flow between the vertical tails (0 = 0 °) as the flow accel-
erated to supersonic speeds and the location of the
recompression shock. Other examples were the stagna-
tion effects near the horizontal-tail leading edge
(0 = 90 °) and similar stagnation effects near the leading
edge of the vertical tail at 0 = 0° and 45 ° (x/L = 0.72
and 0.78 for the forward and mid positions, respectively).
The compression at 0 = 0° indicated that the influence of
the stagnation region of the leading edge of the vertical
tail extended inboard on the fuselage, probably reducing
the afterbody lift and drag.
Certain differences also exist between the computed
and experimental results. An examination of the pressure
coefficient data at 0 = 135 °, 180 °, and 225 ° indicates that
the computations did not predict the effects of vertical-
tail position on the windward side of the aircraft that
were seen in the experimental results. Also, the pressure
coefficient level immediately downstream of the shock
between the vertical tails for the forward vertical-tail
position was predicted low (0 = 285 °, 315 °, and 0°). In
reference 13, Abdol-Hamid indicated that pressure
recovery levels downstream of shocks were sensitive to
the applied turbulence model.
Conclusions
The distributions of static pressure coefficient over
the afterbody and nozzles of a generic, twin-tail twin-
engine fighter aircraft were obtained in the Langley
16-Foot Transonic Tunnel. Three vertical-tail longitudi-
nal positions and two horizontal-tail longitudinal posi-
tions were tested for a total of six aft-end configurations.
Static pressure coefficients were obtained at Mach num-
bers (M) of 0.6, 0.8, 0.9, and 1.2, angles of attack (o0
of 0 °, 4 °, and 8 °, and nozzle pressure ratios ranging from
jet-off to 8. Pressure measurements were made at
approximately 150 locations on the afterbody, interfair-
ing, and nozzles. Limited computational modeling of the
pressure distribution about this model was performed.
Based on the discussion of results, the following conclu-
sions are presented:
1. The pressure data support the force and moment
data published previously for this model.
2. The influence of the vertical- and horizontal-tail
positions is evident over nearly all regions of the after-
body and nozzles, not just in the vicinity of the tail-
afterbody juncture.
3. The pressure distribution affecting the aft-end
drag is influenced more by the position of the vertical
tails than by the position of the horizontal tails. A region
of accelerated flow and reduced pressure forms at sub-
sonic speeds between the vertical tails. At _ = 0°, placing
the vertical tails forward on the afterbody reduces the aft-
facing projected area of this low-pressure region between
the vertical tails and therefore reduces the aft-end drag.
At positive angles of attack, placing the vertical tails in
an aft position produces lower aft-end drag because the
pressure deficit between the vertical tails is reduced by
the aft-end pressure recovery.
4. At supersonic free-stream conditions, aft vertical-
or horizontal-tail positions produce low static pressures
on the nozzle surfaces and thus cause higher aft-end
drag.
5. The effects of Mach number at and below M = 0.8
at _ = 0 ° are small, with the exception of the region
between the vertical tails where the flow is highly
accelerated. The pressure reduction in this region has the
effect of increasing afterbody lift for the forward
vertical-tail configuration and increasing drag for the aft
vertical-tail configuration. Transonic effects strong
enough to produce a local shock wave in this region are
evident at M = 0.9.
6. The effects of nozzle pressure ratio in subsonic
flow extend over the last 15 percent of the aircraft, but in
supersonic flow the effects are limited to the nozzle sur-
face, or to the last 5 percent of the aircraft.
7. Predictions of surface pressure coefficient from
computational modeling of this geometry show excellent
agreement with experimental results. Exceptions are the
recovery pressure level downstream of the upper surface
transonic shock at M = 0.9 and the effects of vertical-tail
position on pressure coefficients on the windward side of
the aircraft.
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Table 1. Locations of Pressure Orifices on Afterbody and Nozzles
(a) Measurement stations for afterbody pressure orifices
Meridian angle, 0, of--
_L 0 ° 45 ° 90 ° 135 ° 180 ° 225 ° 240 ° 255 °
0.709 x x x x x
.723 x x x x x
.738 x x x x x
.752 x x x x x
.767 x x x x x
.781 x x x x x
.796 x x x x
.810 x x x
.825 x x x x
.840 x x x
.854 x x
.869 x x
.883 x x x x x
.898 x x x x x x
.912 x x x x x x
.927 x x x x x x
.941 x x x x x x x



















(b) Measurement stations for nozzle pressure orifices
Meridian angle, 0, of---
x/L 0 ° 45 ° 90 ° 135 ° 180 ° 225 ° 240 ° 255 ° 270 ° 285 ° 300 ° 315 °
0.951 x x x x x x x x x x x
.963 x x x x x x x x x x x
.974 x x x x x x x x x x x x
.986 x x x x x x x x x x
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(f) Sketch showing horizontal and vertical-tail positions on afterbody.
Figure 3. Concluded.
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Figure 4. Positions of vertical and horizontal tails shown on typical plotting grid. Al_terbody begins at x/L = 0.687.
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(a) HTAIL = mid position.
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Figure 9. Change in static pressure coefficients from moving horizontal tails from mid to aft position for M = 0.8,
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(a) HTAIL = mid position.
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(a) 0 = 0 ° and 45 °.
Figure 13. Change in static pressure coefficients from moving horizontal tails from mid to aft position for M = 1.2,
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(a) 0 = 0 ° and 45 °.
Figure 14. Effect of nozzle pressure ratio on pressure distributions for M = 0.8, c_ = 0°, HTAIL = mid position, and
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(a) 0 = 0° and 45 °.
Figure 15. Effect of nozzle pressure ratio on pressure distributions for M = 0.8, ct = 0°, HTAIL = aft position, and
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Figure 16. Effect of nozzle pressure ratio on pressure distributions for M = 1.2, 12= 0 °, HTAIL = mid position, and
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(a) 0 = 0 ° and 45 °.
Figure 17. Effect of nozzle pressure ratio on pressure distributions for M= 1.2, o_--0 °, HTAIL = aft position, and
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(a) 0 = 0° and 45 °.
Figure 18. Effect of Mach number on pressure distributions for ot = 0 °, NPR = 3.4, HTAIL = mid position, and
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(a) 0 = 0° and 45 °.
Figure 19. Effect of Mach number on pressure distributions for (t = 0 °, NPR = 3.4, HTAIL = aft position, and
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(a) HTAIL = mid position; VTAIL = fwd position.
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(a) 0 = 0 ° and 45°.
Figure 21. Effect of angle of attack on pressure distributions for M = 0.8, NPR = 3.4, HTAIL = mid position, and
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(a) 0 = 0° and 45 °.
Figure 22. Effect of angle of attack on pressure distributions for M = 0.8, NPR = 3.4, HTAIL = aft position, and
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Figure 23. Effect of vertical-tail position on pressure distributions at positive angle of attack for M = 0.9, o_ = 8°,
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(e) Top and bottom interfairings.
Figure 23. Concluded.
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Figure 24. Computational model of twin-engine generic fighter. Vertical tail shown in forward position. Horizontal tail
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(a) 0 = 0° and 45 °.
Figure 25. Predicted and experimental pressure coefficients on afterbody and nozzle surfaces for M = 0.9, _ = 0 °, and
NPR = 3.4 with horizontal tails in mid position.
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